
'~ ~ . AAMRL-T-88-033 _ 98Prao rs lVis., An. Vol. 28, No. 6, pp. 695-709, IM A 00 u o

| Printed in Grea~~nt Britain198er onresp

FILE CDP
PERCEIVED CONTRAST AND STIMULUS SIZE:

EXPERIMENT AND SIMULATION

MARK W. CANNON JR and STmvEN C. FULLENAMP
U) H. G. Armstrong Aerospace Medical Research Laboratory, AAMRL/HEF Wright-Patterson Air Force

0 uBase, OH 45433 and Systems Research Labs Inc., 2800 Indian Ripple Road, Dayton, OH 45440, U.S.A.

(Received 13 February 1987; in revised form 15 December 1987)

0 Abstract-Perceived contrast functions were determined for three different Gabor patch sizes usingC\J magnitude estimation and verified by contrast matching. While thresholds show a signifi. "rnt decrease with
' decreasing patch size, perceived contrasts are equal and independent of patch size for contrasts above 0.06.

Contrast matching was also used to study the apparent contrast of two other spatially limited stimuli;
the sum of two orthogonal 4 c/deg sine waves multiplied by a gaussian envelope and the sum of spatially
adjacent positive and negative gaussians. Models of contrast perception, based on tuned Gabor spatial
filters, were formulated and tested for agreement with our experimental data. A model that pools filter

Sresponses across spatial frequencies and orientations was found to be more in agreement with our data
than a model that simply uses the response of a single, maximally excited, meclanism to mediate contrast
perception. Optimum filter bandwidth was found to be about 1.1 octaves. ors. ,

r ,
Contrast perception; Spatial filtering, Visual modelling, _.

INTRODUCTION by Swanson et al. (1984), the results mentioned
above place restrictions on the spatial size of

While it is well known that threshold detection these mechanisms at high levels of physical
of sine wave gratings is strongly dependent on contrast. These results imply that those mech-
the number of cycles in the grating (e.g. Robson anisms tuned to the grating spatial frequency
and Graham, 1981), two recent studies have must be only about one cycle wide at high
demonstrated that the perceived contrast of contrasts since wider mechanisms tuned to the
suprathreshold gratings is relatively indepen- spatial frequency of the grating would show a
dent of the number of cycles. One study decrease in their response (Kersten, 1984) and
(Takahashi and Ejima, 1984) reported that ap- hence in perceived contrast as the stimulus
parent contrast remained constant as the stimu- approached I cycle in width. The Takahashi
lus size was reduced from 20 cycles to I cycle in and Ejima study was apparently performed with
either width or height for physical contrasts abruptly truncated sine waves in both vertical
above 0.1. For contrasts below this level, appar- and horizontal directions so their results are
ent contrast begins to show a reduction for not free of contamination by higher spatial
stimuli with small numbers of cycles until, for frequency harmonics. Swanson et al. used trun-
near threshold contrasts, the apparent contrast cated cosine gratings which introduced low spa-
shows a steady decrease as the number of cycles tial frequency components as well (see Methods
is reduced from 10 to 1. The other study section). It is possible that these harmonics
(Swanson et al., 1984) performed at a contrast could have contributed to the constancy of
of 0.1 reported constancy of apparent contrast contrast perception by exciting mechanisms
as the number of cycles was reduced from 16 to tuned to spatial frequencies other than that of
2 but reported a decrease in apparent contrast the grating. Since the dependence of apparent
as the width of the grating was reduced below contrast on the number of stimulus cycles ap-
2 cycles in agreement with the low contrast pears to have important implications for mod-
Takahashi and Ejima data. If perceived contrast elling suprathreshold contrast perception, we
is mediated by a spatial array of mechanisms performed several experiments using both mag-
with antagonistic surrounds that multiply the nitude estimation and contrast matching to test
input image as proposed by Wilson (1980) and this dependence. We used Gabor sine functions
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for our stimuli in order to avoid the truncation where x and y are distances from the origin in
problems mentioned above anid to achieve opti- degrees of visual angle, T is the period of the
mal localization in both space and spatial fre- sine wave in degrees and L0 is the average
quency (Daugman, 1985). luminance. The spatial frequency subtended at

We then attempted to quantitatively simulate the subject viewing distance was 4 c/deg for all
these results using a two dimensional Gabor patterns. The term a, denotes the number of
mechanism model for contrast perception. We stimulus cycles between the center of the func-
found that in order to specify the free parame- tion and the point where the guassian envelope
ters in the model we had to run two more reaches Ile. The use of a Gabor sine function
contrast matching experiments using two assured that the average luminance of the pat-
different stimuli; a sum of two spatially orthog- tern would remain constant, independent of the
onal 4 c/deg Gabor sines and a pair of small width of the gaussian envelope. It is probably
Gaussians, one positive and one negative with not widely appreciated that the spectrum of a
respect to the luminance of the background. Gabor cosine function accumulates a steadily
Using the results of these experiments we deter- increasing d.c. component as the width of the
mined what mechanism spatial size and what function a, decreases. This can be visualized
conditions of response pooling were required rather easily by considering what happens when
for a model of suprathreshold contrast percep- a is reduced to a small fraction of a period.
tion to quantitatively match our suprathreshold Under these conditions the negative portions of
experimental data. the cosine beyond a quarter period are attenu-

ated to near zero while a significant region of the
positive portion near the origin is preserved at

METHODS near the original amplitude. Since the Gabor
sine function is anti-symmetric across the origin,

Apparatus no d.c. component arises no matter how narrow
All experiments used computer generated im- the envelope becomes.

agery. Stimuli were generated as a 256 by 256 As the diameter of the Gabor sine function
pixel array on a PDP-I I computer and were decreases, the maximum peak to trough ampli-
transferred to a Grinnell video frame buffer tude of the sine wave, under the gaussian
capable of storing three images for display. envelope, also decreases. If we specified our
Contrast of the video images was determined by contrast by A 4L in equation (i), the actual peak
an analog multiplier controlled by an AIM 65 to trough contrast seen by the observer would
microcomputer. The contrast controlled video decrease with decreasing sigma. Therefore, we
signal was fed to our Tektronix 632 (P4 white calibrated our system so that the contrast con-
phosphor) monitor after final modification by a trolled by the computer was the usual definition
circuit to assure linearity of the monitor lumi- of contrast, (L,,. - Lmji)/(L,. + L.), where
nance as a function of input voltage. Monitor L and L. were the measured luminances at
luminance linearity was confirmed and the sys- the highest peak and lowest trough of whatever
tem calibrated with a Pritchard Spectra pho- Gabor pattern was presented.
tometer. All experiments were performed at an
average luminance of 170 cd/m 2 with a stimulus Magnitude estimation
presentation time of 500 msec. Stimulus rise and The three stimuli used in the magnitude esti-
fall times were abrupt. The screen was masked mation experiment are shown in Fig. i. Each of
off with a large white cardboard surround to an these stimuli were presented, in random order,
area 6.5deg square. The surround was illu- at 12 different, logarithmically spaced, contrast
minated by white light, matched to the lumi- levels in a single experimental session. Contrasts
nance of the screen, over an area 24 deg high by ranged from 0.005 to 0.5 and each contrast level
31 deg wide. was presented twice in the session. The seven
Stimuli subjects, who had all performed magnitude

estimation experiments before, were told to call
The luminance profile of the Gabor functions out numbers proportional to the apparent con-

used in these experiments is given by trast at the center of each grating as it appeared
L - 4 +A (exp - [(x/T (Cannon, 1984, 1985). These numbers were

recorded by the experimenter. This is the free
+(y/T)]/, 2 )sin(2xx/T) (!) modulus method of magnitude estimation
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(Stevens, 1956) in which no standard is shown displayed for 500 msec with abrupt rise and fall
and no number scale is suggested to the subjects. times as in the magnitude estimation experi-
During the 6 sec that elapsed between ments. In a single trial, the test and comparison
presentations the screen remained at the average gratings were presented in sequential I sec inter-
luminance of 170 cd/n 2 . vals marked by auditory tones and subjects

When the free modulus method of magnitude indicated, by means of a switch position, which
estimation is used, different subjects may use interval contained the stimulus of higher con-
different number scales so some normalization trast. The order of presentation varied ran-
is required to bring all estimates into a common domly from trial to trial. A complete set of data
range. This is usually accomplished by adjusting from each subject consisted of responses to 30
the geometric mean of the perceived contrast trials at each of the 8 contrast levels. These data
estimates from each subject to the same value, could then be plotted in the form of psycho-
The adjustment is accomplished by determining metric functions showing the probability that
the grand geometric mean for all perceived the test grating has higher apparent contrast
contrast estimates from all subjects and then than the comparison grating vs the contrast of
determining a correction factor for each subject the test grating. The contrast of subjective
that will adjust the geometric mean of the equality is the contrast at which the psycho-
individual data set up or down until it is equal metric function crosses the 0.5 probability level.
to the grand mean. A mean perceived contrast
is then determined for each level of physical Threshold measurements
contrast by computing the geometric mean, All thresholds were measured using a tem-
across subjects, of all the adjusted perceived poral two-alternative forced-choice procedure.
contrast estimates at that level of physical con- Stimulus durations were the same as those used
trast. Finally, a plot of these means vs physical in the suprathreshold portions of the experiment
contrasts on log-log coordinates defines a per- and stimulus intervals were marked by auditory
ceived contrast function. In order to also main- tones. Contrasts were decreased by 2 dB after
tain the correct relative amplitude relationships three correct responses and increased by 2dB
among the perceived contrast estimates for stim- after I incorrect response. The staircase was
uli with three different a we only performed the stopped after 10 contrast reversals. Threshold
normalization and determined the individual was the log mean of the 10 contrasts at which
subject correction factors for the a, - 8.0 data. reversals occurred. Mean thresholds for each
The same correction factors were then used to patch size were computed by taking the geo-
normalize that subject's perceived contrast esti- metric mean of all individual thresholds.
mates obtained for a, = 2.0 and 0.5.

Contrast matching RESULTS

Contrast matching experiments were per-
formed to verify the magnitude estimation re- Magnitude estimation
suits at a contrast of 0.3. In these experiments, Perceived contrast functions for the three
the apparent contrast of the smallest grating different Gabor functions are shown in Fig. 2.
patch (a,= 0.5) was compared with the per- The data points are geometric means of the
ceived contrast of a vertical full screen grating. normalized perceived contrast estimates from
Both of these vertically oriented 4 c/deg gratings seven subjects. Since each subject made contrast
were matched in contrast to a 5.5 c/deg horizon- estimates for all thre Gabor functions in the
tal grating. The experiments were performed in same experimental session, we assume that all
this way to eliminate the possibility of adapta- estimates were made using the same perceptual
tion effects that can occur while matching two scale for contrast. The vertical arrows at the
gratings of the same spatial frequency and ori- foot of each perceived contrast function are the
entation. The method used was a variation of mean thresholds for the seven subjects. The
the method of constant stimuli. One of the error bars on the data symbols beside the legend
gratings was set to a contrast of 0.3. This was indicate the average size of the standard devi-
the comparison grating. The other grating (the ation, across subjects, for each patch size. It can
test grating) was presented at 8 different con- be seen that subject differences are somewhat
trast levels spaced I dB apart and bracketing the greater for the smaller patch. As expected,
contrast of subjective equality. Stimuli were thresholds decrease as patch size increases but
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marks the level at which half the test stimuli are

4.f0 ud seen as greater than and half are seen as less
mO .amsm UTMthan the comparison stimulus in apparent con-

0- s .lo trast. The test contrast at which the psycho-
, -m s LO metric function crosses the horizontal dotted

line is, therefore, the contrast of subjective
A: equality.

P, A ratio of the contrast of the horizontalI _ /grating to the contrast of the vertical grating, at
subjective equality, was calculated for each of
the 8 psychometric functions in the two upper
large panels, regardless of which was the test
and which was the comparison grating. These

L I i. - .. .- .ratios were then expressed in log units and a
0.0I1 0.0100 0.10 1.000

CONTRtAT mean ratio was determined by averaging the
individual log unit values and taking the anti-Fig. 2. Mean perceived contrast functions for seven subjects idva log hreunt vals adtaraeize thei

from free modulus magnitude estimation. Error bars next toloofterst.Tiraochatrzdte

the legend, at the top of the figure, are inter-subject standard contrast ratio required for a match between the
deviation averaged across all contrast levels. The thresholds vertical and horizontal full screen gratings. The
decrease with decreasing a, as expected, but the perceived mean contrast ratio and its standard deviation
contrasts are equal for all stimuli above a contrast of are shown in the small upper right-hand panel

about 0.1. in Fig. 3. The mean ratio was 1.005, demonstra-

ting that the perceived contrasts of the vertical
above a contrast of 0.06 perceived contrasts for and horizontal full screen gratings were equal
all three patch sizes are equal. Our magnitude for equal physical contrasts. A similar calcu-
estimation results indicate that spatial sum- lation was made for the small patch vs the
mation has no effect at suprathreshold contrast horizontal full screen matching data using the 8
levels. Perceived contrast perception, at least psychometric functions in the two large lower
for sine wave gratings, is a spatially localized panels. The results are shown in the small lower
process. right hand panel. The ratio was 1.002, demon-

strating that the perceived contrast of the patch
Contrast matching and horizontal gratings were equal for equal

The contrast matching results are illustrated physical contrasts. These equalities imply that
in Fig. 3. These experiments were performed to there is no difference in perceived contrast be-
determine if the equality in perceived contrast tween the small grating patch and the vertical
for physical contrasts above 0.06 would be full screen grating when both have the same
confirmed by a more classical psychophysical physical contrast, at least for physical contrasts
method. The matches from which the data in near 0.3. Overall, the matching results agree
each panel are derived are indicated by the with our magnitude estimation results for high
symbols for patch and full screen gratings suprathreshold contrasts and confirm our asser-
shown at the top of each of the large panels. The tion that perceived contrast is a spatially local-
two large panels in the left half of the figure are ized process.
psychometric functions for four subjects ob-
tained when they matched the vertical ar, = 0.5 DISCUSSION OF EXPERUMErAL RESULTS
Gabor patch and a vertical full screen grating,
both at 4c/des, to a horizontal full screen Our experiments, performed with Gabor
5.5 c/des comparison grating which had a fixed functions, confirm the fact that the high con-
contrast of 0.3. The large right hand panels trast matching results of Takahashi and Ejima
show the results of the reverse procedure where (1984), for small numbers of stimulus cycles,
the patch and vertical full screen grating were were not an artifact of the abrupt truncation of
fixed at a contrast of 0.3 and the horizontal their stimuli. Our magnitude estimation data
5.5 c/des grating was the test grating. The verti- also show that equality in perceived contrast
cal dashed line in each panel marks the physical occurs only above a physical contrast of about
contrast of the comparison grating. The hon- 0.06, in agreement with their matching results.
zontal dashed line drawn at a probability of 0.5 Careful study of our magnitude estimation data



Perceived contrast and stimulus size 701

T c * T C

I0 0.0 ---- 10

I-

o ij - //'
_ ,,, , I

ZII

4%

0 - - 0.9 0

0 0.0o 0.201 0.242 0.318 0.400 0.01 o.22031 0.400

* L

If TEST CONTRAST

Fig. 3. Psychometric functions for four subjects from contrast matching experiments where a small patch
and vertical full screen grating were matched in apparent contrast to a horizontal full screen grating using
the method of constant stimuli. Each point repre-sents 30 responses. The symbols above each panel show
which stimulus was the variable contrast test and which was the comparison grating fixed at a contrast
of 0.3. 71w small panels on the right show the ratio of contrasts for which the horizontal and vertical

gratings attained subjective equality. See text for details.

(Fig. 2) reveal that the perceived contrast func- only by a factor of 1.2 while the estimates of the
tions rise rather smoothly from threshold and multiplicative constants vary only by a factor of
merge at a contrast of about 0.06. Above this 1.07. While this type of fit is useful for descrip-
level all perceived contrast functions behave as tive purposes, it does not provide a description
power functions of contrast with an exponent of of the mechanisms that may be involved in
about 0.4. One ofus (Cannon 1979, 1984, 1985) contrast perception. After analyzing magnitude
has repeatedly demonstrated that perceived estimation data for brightness of circular disk
contrast functions can be described as power targets, Drum (1986) has recently proposed that
functions of contrast minus threshold and the perceived brightness functions, while they can
functions shown here are no exception. The be fitted with threshold corrected power runc-
exponents and multiplicative constants derived
from least square fits to the data plotted in Table 1. Perceived contrast function parameters
coordinates of log perceived contrast vs log am slope Multiplicative constantcontrast minus threshold are given in Table 1. 0.5 0.452 15.553

All three data sets are well fitted by similar 2.0 0.411 14.5
functions. The estimates of the exponents vary 8.0 0.379 14.653
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tions of the type described above for contrast, actually compute a weighted sum of inputs from
may also be described as the sum of responses a large, but well defined, spatial region. Proba-
from two different mechanisms. The response of bility summation models, on the other hand,
one of these mechanisms rises fairly steeply with address only the initial detection of stimulus.
luminance and saturates about 0.5-1.5 log units They say nothing about stimulus appearance
above threshold. The second mechanism re- once threshold has been exceeded. It is likely
sponse rises much more gradually and although that many spatial summation effects attributed
it shows a compressive non-linearity it continues to probability summation can be also modelled
to rise for luminance 2.5-3 log units above by a hardwired spatial summation model with
threshold. judicious adjustment of the summation weights.

A two mechanism model for contrast percep- However, it is also likely that detection depends
tion would also be consistent with the data on both. Our reason for proposing this duality
presented in Fig. 2 of the present paper. The is the extremely large range of 64 stimulus cycles
data in Fig. 2 show a very tight clustering in over which spatial summation was found to act
perceived contrast for physical contrasts above by Robson and Graham (1981). Based on cur-
0.06, confirmed by the matching experiment, so rent evidence, it appears unlikely that a single
that all responses in this contrast range can be cortical mechanism would have a receptive field
described by a single function that is indepen- of this size. Thus, understanding the perceived
dent of stimulus size. Below a contrast of 0.06, contrast response in the region between thresh-
both threshold and the shape of the lower old and a contrast of 0.06 will require more
portion of the perceived contrast function show research. However, the behavior of mechanisms
a strong dependence on the radius of the stimu- mediating contrast perception on the upper
lus grating patch. This behaviour is consistent portion of the perceived contrast curve appears
with the presence of a second mechanism with to be more straightforward. In this region,
a size dependent threshold and a response perceived contrast can be attributed to one type
that saturates at a perceived contrast level of of mechanism with a small spatial summation
about 5. area. As far as we know, no previous attempt

Although both our contrast data and Drum's has been made to simulate suprathreshold con-
brightness data can be modeled using two mech- trast perception with a two dimensional model.
anisms with different ranges in the sensory Consequently, we felt that some valuable in-
domain, there are specific differences between sights could be obtained by attempting to
contrast and brightness response. One of the develop such a model using spatial filter mech-
most dramatic differences is that, unlike our anisms of a type already described in the litera-
perceived contrast data, Drum's brightness data ture. We will show in the next section of this
show a change in the steepness of the upper paper that estimates of the size and spatial
branch of the curve with spot diameter, so frequency bandwidth of this mechanism can be
responses of both of his mechanisms are inferred from a model of contrast perception
influenced by stimulus size. incorporating mechanisms tuned to both spatial

The nature of the mechanism that can pro- frequency and orientation.
duce the type of low contrast behavior observed
here is not clear. Normally the difference in A MODEL FOR CONTRAST PERCEPTION
detection threshold due to stimulus extent In recent years, researchers have attempted to
are explained by probability summation (e.g. give mathematical descriptions for both cortical
Robson and Graham, 1981) and this expla- receptive fields and mechanisms that can explain
nation has been adequate as long as only de- psychophysical data relating to spatial pattern
tection was considered. In Fig. 2, however, we analysis in the human visual system. Several
see that, even when the grating patch is quite mathematical functions have been proposed,
visible, its apparent contrast is less than that of and they all show broad similarities in shape,
a grating with more cycles as long as its physical consisting of both excitatory and inhibitory
contrast is less than 0.06. The matching data of regions that are reduced in strength with dis-
Takahashi and Ejima (1984) show a similar tance from the center of the mechanism. In the
effect. Clearly, for physical contrasts below 0.06, neurophysiological literature, one finds at-
the actual response of mechanisms mediating tempts to model receptive field profiles divided,
contrast perception are lower when the number primarily, between difference of gaussian mod-
of cycles is lower. This implies mechanisms that els (e.g. Parker and Hawken, 1985) and Gabor
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function models (e.g. Webster and De Valois, in the space domain by two dimensional Gabor
1985) while Young (1985) has proposed a sine functions (Watson, 1982) with center
Gaussian derivative model to explain certain spatial frequencies 1/2 octave apart. All filter
data. The functions most prominent in the functions were energy normalized in the space
psychophysical literature are also difference domain so the two dimensional integral of the
of gaussians (e.g. Wilson and Bergen, 1979; squared function over space equalled one. This
Swanson et al., 1984) and Gabor functions (e.g. normalization assures that the gain of all the
Watson, 1982; Daugman, 1985), but others such filters will be equal at their center spatial fre-
as the Cauchy function (Klein and Levi, 1985) quency. Equality in gain across spatial fre-
have also been proposed. quencies guarantees model responses in good

The difference of Gaussian model has been agreement with the relatively flat equal per-
used to develop a detailed one dimensional ceived contrast contours found at supra-
model for both contrast detection (Wilson and threshold levels by Georgeson and Sullivan
Bergen, 1979) and some aspects of supra- (1975) and Cannon (1985), at least between 2
threshold vision (Swanson et al., 1984). The and 8 c/deg. The lowest filter center frequency
Gabor function was used by Watson (1982) to used in this study was I c/deg because responses
formulate a detailed one dimensional model for of filters with lower center frequencies were
contrast detection that was later extended to a negligible for all the stimuli we used. No re-
two dimensional threshold model (Watson, strictions on the existence of mechanisms tuned
1983). to higher or lower spatial frequencies than those

As far as we can determine, there is no clear shown are implied. The multiple paths emerging
evidence that difference of gaussian mechanisms from each spatial frequency filter represent the
show more predictive power than Gabor mech- fact that the image was filtered by multiple
anisms in any of the threshold models men- representations of the basic Gabor function
tioned above. Consequently, we chose Gabor with orientations that ranged from 0 to 165 deg
functions to represent the spatial filter mech- in 15 deg steps. Filter responses from 180 to
anisms in our model because of their greater 345 deg were mirror images of those already
mathematical tractability for the type of two computed.
dimensional model we envisioned. They are The spatial representation of each filter was
describable by only two parameters, the half- convolved with the input image (using fast
width of their gaussian envelope and their spa- fourier transform techniques) over a 4 x 4 deg
tial frequency. Furthermore, a closed form area resolved into 256 x 256 pixels. This oper-
mathematical equation for their bandwidth has ation generated a different 256 x 256 pixel
been derived (Watson, 1982). filtered image as the output of each filter. We

We have chosen to ignore radially symmetric have assumed uniform and equal density for all
(mexican hat) filters because the preponderance the mechanisms over the 4 x 4 deg area so the
of neurophysiological evidence for cortical amplitude of each pixel of these filtered images
filters implies orientation selectivity, represented the output of a spatial filter mech-

Block diagrams describing the spatial filtering anism centered at that pixel location. The abso-
stages of the models studied in this paper are lute value of this output was then subject to a
similar to other models of visual pattern pro- non-linear power function transformation. The
cessing in the literature (Wilson and Bergen, exponent of the power function was 0.5 since
1979; Watson, 1982; Swanson et al., 1984). this is clore to the exponent for the upper
These models assume that the visual system branch of our perceived contrast function
contains an array of filters, each tuned to a shown in Fig. 2 and in good agreement with
particular spatial frequency range and each exponent values determined in other studies
operating on the input pattern over a particular (Gottesman et al., 1981; Cannon, 1984, 1985).
spatial region of the image. The models we The 256 x 256 pixel array of nonlinear re-
propose are shown in Fig. 4 and were simulated sponses produced by each filtering operation
on a Definicon Systems 32 bit 68020 high speed represented the spatial contrast information re-
co-processor board resident in an IBM PC-XT ported to some central processing center by the
computer. Both models used identical filter and spatial array of mechanism composing the filter.
nonlinearity stages and these are shown in the In Fig. 4, these filter response arrays are labelled
left most panel of Fig. 4. Fa(x, y).

All tuned filters in the model were represented We simulated two possible computational
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Fig. 4. Two possible models for contrast perceptioai. Both models share the same bank of orientation

selective spatial filters. Each path emerging from a spatial frequency filter represents the response of a
Gabor filter rotated to one of the allowed orientations between 0 and 165 des. Orientation increments
are 15 des. Different swnsnation rides for the two models are shown in the large circles. PC is the response

that mediates the sensation of percived contrast in the model. Details explained in text.

schemes for the extraction of perceived contrast intermediate response array, R(x, y), Each ele-
information by the central processor. Since we ment of R(x, y) contains the summation of
have ruled out spatial summation across mech- activity from all spatial frequency and orien-
anisms as an important contributor to perceived tation mechanisms centered at each location
contrast, one logical scheme would be that x, y. The central processor then scans the re-
shown in the middle panel of Fig. 4. Here, the sponses in the R-array and chooses the array
central processor scans all the filter response member with the highest amplitude to mediate
arrays and chooses the largest single pixel am- the sensation of contrast. In Fig. 4, the location
plitude (the response of the single most strongly of this point is denoted by Xm, Ym.

excited mechanism) to mediate the sensation of There are two free parameters for the comn-
contrast. This will be referred to as our simple plex model. These are the half width of the
model. Gabor fiLer mnechanism gaussian envelope (u,,)

A second model (the complex model) is repre- and the exponent, it, of the Quick summation,
sented in the right-hand panel of Fig. 4. In this Q. The only free parameter for the simple model
model, the central processor pools responses is u=. The object of simulations reported in this
from all filter response arrays using the Quick paper was to determine for what ranges of these
summation rule (Quick, 1974). Note that the parameters, if any, our models could predict
repons arrays are summed across spatial fre- experimental results. Our first modelling at-
quency and orientation at each spatial location tempt was a comparison of the perceived con-
(x, y) and that this summation is independent of trast of a small stimulus patch ( , -- 0.5) and a
all other spatial locations. Thus, no spatial full screen grating; the same stimuli we ad-
sumnmation across the x, y coordinates occurs in dressed in the Results section of this paper. We
this model either. The pooling produces an chose u* values rangling from 1.4 to 0.14. The

- ~ ~ ~ ~ ~ 1W Ia I III L S
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values of the Quick exponent used in the simu- with current findings on cortical mechanism
lation ranged from 2 to 4. Model responses are bandwidths (De Valois et al., 1982). However,
shown in Fig. 5. there is still a surprisingly large range of a. and

An amplitude of 1.0 represents the model Q that allows the complex model to produce
response to a full screen grating with a contrast valid responses for this stimulus. These ae
of 0.3. The solid horizontal line represents the represented by the range of coordinates where
model response when the full screen grating is the functions represented by the lines con-
increased slightly in contrast to match the rela- necting the simulation points run between the
tive contrast of the full screen grating (1.002) dotted lines. It should be clear that there is a
required to match the contrast of the small continuum of these parameter pairs. In an at-
(a, = 0.5) grating patch in our matching experi- tempt to narrow down our choice of model
ments. This horizontal line will be referred to parameters we performed contrast matching
subsequently as the expected response. The dot- experiments and simulated model responses
ted horizontal lines represent model responses with two other stimuli.
when the full screen grating contrast was in-
creased or decreased to the levels defined by the Further matching experiments
standard deviation shown in Fig. 3. These lines The contrast matching and data analysis in
are provided to give some sense of when the these experiments used exactly the same tech-
model would generate perceived contrast esti- niques described in the Methods section of this
mates that would be detctably different from paper. One stimulus was a pair of Gaussians,
experimental predictions. The points and con- one positive and one negative with respect to the
necting curves represent complex model re- average luminance. This will be referred to
sponses to the small patch for the various values
of the Quick exponent, Q. The asterisks repre-
sent the relative responses of the simple model.

Before discussing the results displayed in 1.1 S
Fig. 5 there are two points regarding the model 2.0

responses that should be addressed. First, some .1-57;5

readers may question how the horizontal lines
representing the relative model responses from 5s-5

our matching data can remain the same for all o.9 2.50
values of the Quick parameter displayed in the
figure. For those readers, we show in Appendix .9 
I that this relative response is not affected by the
Quick parameter, Q, but by the power function a s.7
exponent of the nonlinear transformation. Sec- .0

ond, if the reader is wondering why the response
is not always maximized for a model receptive (a%*
field matched in shape to the stimulus (or = 0.5) a
let us assure you that no principles of matched
filtering are being violated. Optimal matched
filtering requires that all input stimuli be energy
normalized and that is not the case here. In-

A4I 1.o0 0.71 0.to o02so.14
stead, all input stimuli have the same peak to MA S S 0.000

trough amplitude implying equal contrast.

If we assume that the space between the Fig. 5. Parametric study of model responses to a small

dotted lines in Fig. 5 defines a region where the ,, = 0.5 Gabor patch. A response amplitude of 1.0 repre-

model response to a small patch is indistinguish- sens the model response to a full screen grating. The
horizontal line just above 1.0 represents the expected model

able from the model response to a full screen response to the small Oabor patch determined from our
grating, this figure clearly eliminates a wide contrast matching experiments. The circles, squares and
range of parameters from contention. Note that triangles represent complex model responses to the small
the simple model response only approaches this Gabor patch for various values of Q, the Quick summation

range for a. of 0.28 or less. This corresponds to constant, and mechanism width, a. Simple model re-
sponses are represented by the asterisks. Note that many

a spatial frequency bandwidth at half amplitude combination of these two parameters generate responses
of 4.95 octaves or greater, a result at variance that agree with the expected response.
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subsequently as the bi-polar gaussian stimulus. the model response when a full screen grating is
The Gaussians were spaced at a peak to trough lowered in contrast by the amount required to
distance equivalent to half of a 4c/deg period, match the bi-polar Gaussian. The horizontal
The sigma parameter for each Gaussian was one solid line in Fig. 6b represents the model re-
quarter of a 4 c/deg period. This stimulus was sponse when a a, = 1.0 Gabor patch is lowered
matched in contrast to a full screen sine wave in contrast by the amount required to match the
grating by the same 4 subjects who participated orthogonal sine wave patch. The dotted lines
in our earlier matching experiments, represent model responses with contrasts ad-

The stimulus in the second experiment was a justed up or down to match the standard devi-
sum of two spatially orthogonal 4 c/deg sine ations in contrast for each experiment.
wave gratings multiplied by a Gaussian en- The simple model would require mechanisms
velope with a sigma parameter of 1.0. This smaller than those considered in the figure and
grating was matched in contrast to a 4 c/deg hence, inordinately wide bandwidths to generate
Gabor rotated to an angle of 45 deg. The sigma responses that come sufficiently close to the
parameter of the rotated grating patch was also expected response.
1.0. Three of the four subjects in this experiment
were the same as those who participated in the Finding the best parameters
earlier matching experiments. The shapes of the functions generated by

Both of these stimuli were found to have connecting the model response points for the
slightly lower apparent contrast than the sine complex model are different in the two panels of
wave function they were matched to. Fig. 6 and are different from those illustrated in

Fig. 5. Some functions that intersected or ran
Further simulations close to the expected response line in Figs 5 and

The bi-polar Gaussian simulation results and 6a do not do so in Fig. 6b. Some functions
the orthogonal sine wave simulation results are intersect or approach the expected response line
shown in Fig. 6a and b respectively. The format at different values of a. for all three simulations.
of these panels is the same as the format of Fig. Studying the pattern of these functions revealed
5. The horizontal solid line in Fig. 6a represents that a Q value of 2.5 and a a. value of 0.71

A. STIMULUS: 81-POLAR GAUSSIAN IL STIMULUS: SUM OF TWO
1.1 ORTHOGONAL2.0 0 ATINGO

1.0 2.12,S- -------.-

M)I

1 -------- --------------- -- - -
00.9

00

aIGAII OAOM (. m

"Pi

O- f
a- -

1AI J.AG 0.71 0.50 0O..14 JAI 1.05 0.71 0.50 0625 0.14

MECHANISM SIGMA (.,r)

Fig. 6. Model responses to two different stimuli. The left-hand panel shows model responses for a bi-polar
gausmian stimulus while the right-hand panel shows model responses to the sum of two orthogonal sine
wave gratinp multiplied by a pussian envelope. The responses to the bi-polar gaussian are relative to
the model respoase to a full screen grating. The responses to the orthogonal sine waves are relative to

the model response to a Gabor sine patch with a, - 1.0. See text for details.
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produced responses near the expected response between threshold and suprathreshold
line for all three patterns. This implies that there mechanisms.
may be some Q, a. pair for which the distance Bandwidths greater than an octave have ap-
to the expected response line is a minimum peared in at least three studies of suprathreshold
when averaged for all three simulations. Since vision. In masking experiments, Legge and
we do not have an analytic form for these Foley (1980) found bandwidths of about 1.75
functions there is no way to exactly determine octaves near 2.0 c/deg while Wilson et al. (1983)
the specific parameter pair. Instead, we have found bandwidths that varied with spatial fre-
chosen a method which should give us a good quency from 2.5 octaves near 1.0 c/deg to
approximation to their true values. We com- 1.25 octaves near 16.0 c/deg. Experiments to
puted the distance in log units between each measure the characteristics of spatial sum-
model response point in Figs 5 and 6 and its mation in suprathreshold noise by Kersten
respective expected response line. We then corn- (1984) led to a bandwidth estimate, at half
puted an RMS value of the log unit differences amplitude, of about 1.7 octaves at 8 c/deg. All of
across the three simulations for each Q, a. pair these bandwidth estimates are higher than ours
indicated by the data points in Figs 5 and 6. but they were inferred directly from detection
These RMS values are summarized in Table 2. thresholds in experiments requiring the de-
The table shows a clear minimum (outlined by tection of a one dimensional stimulus against a
a box) for a Q of 2.5 and a a. of 0.71 among masking background. Our bandwidths, on the
the complex model results. The table also makes other hand, are inferred from two dimensional
it clear that the simple model must be rejected model responses required to simulate subject
because of its large RMS difference from the judgements about the apparent contrast of
expected response. Thus, the complex model several two dimensional stimuli. It would not be
with the parameters stated above is an excellent surprising if somewhat different bandwidth esti-
predictor of perceived contrast for all the stimuli mates resulted. It is also possible that the mask-
considered in this paper. The maximum error in ing experiments and our contrast perception
predicted perceived contrast, using these par- experiments investigated different mechanisms.
ameters, is 0.016 log units. In fact, Kersten's (1984) data appear to support

The spatial frequency bandwidth, at half am- this idea. Our magnitude estimation data show
plitude, of the filters used in this study allow that perceived contrast is essentially indepen-
comparisons with bandwidth estimates from dent of patch size for contrasts above 0.06 at
quantitative models of threshold vision. The 4 c/deg. Kersten's data for 2 and 8 c/deg (subject
half amplitude bandwidths of our filters when D.K.) show that detection threshold of a Gabor
a.= 0.71 is 1.13 octaves. The bandwidth pro- cosine function in noise is reduced by increasing
posed by Watson (1982, 1983) for the "sensors" its width. The stimulus contrasts in both cases
in his threshold models of spatial pattern pro- are in a range where perceived contrast would
cessing was about 0.5 octaves. The threshold not change with stimulus size (0.08-0.3) im-
model proposed by Wilson and Bergen (1979), plying that contrast perception of a noise free
on the other hand, used mechanisms with a signal and signal detection in a masking
bandwidth of about 1.75 octaves or higher. Our environment may be mediated by different
bandwidths fall almost midway between these mechanisms.
two estimates. Thus we cannot, at present, make Swanson et al. (1984) found that "response
any inferences about differen,-es in bandwidth pooling" across spatial frequency selective

Table 2. RMS difference between expected and achieved model response for
various combinations of a, and Q

Q a,
1.41 1.06 0.71 0.50 0.28 0.14

2.0 0.0408 0.0428 0.0341 0.0262 0.0244 0.0262
2.125 0.0200 0.0261 0.0253 0.0226 0.0228 0.0229
2.25 0.0180 0.0142 0.0179 0.0193 0.0223 0.0228
2.50 0.0501 0.0233 0.0111 0.0154 0.0204 0.0214
3.0 0.1067 0.0637 0.0269 0.0154 0.0178 0.0183
4.0 0.1920 0.1231 0.0614 0.0289 0.0178 0.0163

Simple
model 0.3925 0.3083 0.1967 0.1223 0.0596 0.0341
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machine and biological image processing. Research power function exponent describing the non-linear trans-
publication GMR.S128, General Motors Research Lab- formation of the linear filter output. The summation
oratories, Warren, MI 48090, U.S.A. symbol represents summation across spatial frequency and

orientation as explained in the test.
APPENDIX I Now change the contrast of the stimulus by a ratio c,

so that each linear filter response is given by

Nonlinear System Response and the = S
Quick Summation Exponent This produces a new system response

Note: The conclusions derived below are valid only when
the system nonlinearity can be described as a simple power it, (1 Id
function.

The total system response, R, is the following function
of the filter responses Sr.,; R'= 1: (IS,,lP)j = cPR.

R = (IaSf, I ,Thus, the change in the system response is independent
fe J of the Quick summation exponent, q, and depends only on

where q is the Quick summation exponent and p is the the perceived contrast exponent, p.

a i mlll l••[ I ]lI
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